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Abstract 
The role of multicomponent rare earth oxides in phase stability, thermo-physical properties and sintering for ZrO2-based ther-
mal barrier coatings (TBCs) materials is investigated. 8YSZ co-doped with 3 mol% Gd2O3 and 3 mol% Yb2O3 (GYb-YSZ) pow-
ders are synthesized by solid state reaction for 24 h at various temperatures. As temperature increases, stabilizers are dissolved 
into zirconia matrix gradually. Synthesized at 1 500 °C, GYb-YSZ is basically composed of cubic phase. GYb-YSZ exhibits 
excellent phase stability and sinters lower than 8YSZ by nearly three times. The thermal conductivity of GYb-YSZ is much 
lower than that of 8YSZ, and the thermal expansion coefficient of GYb-YSZ is comparable to that of 8YSZ. The influence of 
Gd2O3 and Yb2O3 co-doping on phase stability, thermal conductivity and sintering of 8YSZ is discussed. 
Keywords: thermal barrier coatings (TBCs); Gd2O3 and Yb2O3 co-doped 8YSZ (GYb-YSZ); phase stability; sintering; ther- 
mo-physical properties 
1. Introduction1 
The application of thermal barrier coatings (TBCs) 
on the hot section of advanced gas turbines greatly   
enhances the turbine efficiency and extends the life of 
metal alloy components [1]. (6-8) wt% Y2O3 stabilized 
ZrO2 (6YSZ-8YSZ), exhibiting good performances 
when applied to the gas-turbine engines by plasma 
spraying or by electron-beam physical vapor deposi-
tion (EB-PVD), is the industry-standard ceramic TBC 
material. However, YSZ coating could not operate in a  
long term above 1 250 °C, because metastable tetrago-
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nal t′ decomposes to tetragonal t and cubic c phases, 
with the t phase undergoing deleterious transformation 
to monoclinic m phase during cooling [2-3]. Also, accel-
erated sintering of YSZ coatings could occur at high 
temperatures, which could degrade the strain compli-
ance and thermal barrier performance of TBCs [4].  
Due to the problems of phase stability and sintering 
for YSZ, new TBC materials are under investigation, 
such as BaLa2Ti3O10 [5], La2Ce2O7 [6-7] and  
LaTi2Al2O19 [8]. Additionally, considerable efforts are 
also being invested in search for alternative stabilizers 
to Y2O3 for ZrO2-based material. To stabilize high 
temperature t′ phase or c phase to room temperature, 
different metal oxides additives are added to YSZ. Re-
searches show that partial substituting Gd for Y in 
YSZ can enhance its phase stability [9-10]. Jones and 
Mess [11] improved t phase stability of YSZ at 1 400 °C 
by doping with Sc2O3. Rebollo, et al. [10] reported that 
3.8 mol% Y2O3 + 3.8 mol% RE2O3 (RE=Yb, Gd, Sm, 
Nd) co-doped ZrO2 exhibits better destabilization re-Open access under CC BY-NC-ND license.
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sistance than YSZ. Xu, et al. [12] found that polycrystal-
line t-ZrO2 (TZP) ceramics could be obtained by 
co-doping with small amounts of Nd2O3 and Y2O3 (<3 
mol%). 
In addition to improving the phase stability of the 
TBC materials, extensive efforts are made to reduce 
the thermal conductivity. The addition of trivalent ox-
ides is accompanied by the generation of oxygen va-
cancies, which can provide phonon scattering, and thus 
reduce the thermal conductivity. Ji, et al. [13] calculated 
the lattice distortion and bond population of ZrO2 with 
a consequence of rare earth elements doping by the 
first principles based on plane-wave pseudopotential 
theory. It is predicated that Gd-O has the smallest bond 
population among the rare earth oxides, implying the 
smallest thermal diffusion coefficient. Ytterbia, neo-
dymia, gadolinia [14] and  lanthana [15] have been found 
to be particularly effective to reduce the thermal con-
ductivity of YSZ TBCs. The effects of doping with two 
or more additives such as Nd2O3-Yb2O3, Gd2O3-Yb2O3 
and Sm2O3-Yb2O3 on the thermal conductivity of YSZ 
were investigated by Zhu and Miller [16]. It is found 
that co-doping two or more rare earth oxides into YSZ 
can significantly reduce its thermal conductivity, and 
the lowest thermal conductivity was observed when the 
total dopant concentration is 10 mol%. YSZ added 
with equal dopant concentrations (Yb2O3/Nd2O3 = 1) 
was found to have the lowest thermal conductivity at a 
given total dopant concentrations [16]. However, the 
effects of multi-component oxides co-doping on the 
phase stability, thermal expansion and sintering have 
not been reported [17-19]. 
So far, researches mainly focus on the addition of 
single or two additives into ZrO2-based material. For 
YSZ co-doped with two or more additives, limited da-
tabase hinders further understanding of the role of ad-
ditives in phase stability, thermo-physical properties 
and sintering. In the present study, 3 mol% Gd2O3 and 
3 mol% Yb2O3 co-doped 8YSZ (GYb-YSZ) (with total 
dopant concentrations about 10 mol% ) are synthesized 
by solid state reaction, and the effects of Gd2O3 and 
Yb2O3 co-doping on the phase stability, thermal con-
ductivity and sintering of 8YSZ are investigated. It is 
necessary to carry out such investigation in order to 
explore the potential of multicomponent rare earth ox-
ides co-doped YSZ for TBC applications.  
2.  Experimental Procedures 
2.1.  Powder synthesis and phase characterization 
3 mol% Gd2O3 and 3 mol% Yb2O3 co-doped 8YSZ 
powders were synthesized by solid state reaction, using 
Gd2O3, Yb2O3, Y2O3 and ZrO2 powders (purity: 
>99.99%) as raw materials. The appropriate amounts 
of Gd2O3, Yb2O3, Y2O3 and ZrO2 powders were dis-
solved in ionized water and milled for 6 h using a 
high-energy ball milling (KQM-S, China). Subse-
quently, the as-prepared powders were calcined in high 
temperature furnace for 24 h after drying. In the proc-
ess, the calcined temperatures were set to be of      
1 350 °C, 1 400 °C and 1 500 °C. The GYb-YSZ pow-
ders were annealed under different conditions to ex-
amine the high-temperature phase stability, and the 
heat treatments were of 1 400 °C/24 h and 1 500 °C/ 
24 h. The phase constitution of GYb-YSZ was identi-
fied by X-ray diffraction (XRD, Rigaku Diffractometer, 
CuKα radiation) and Raman TYHR800 spectroscopy. 
Phase stability of GYb-YSZ material was examined by 
differential scanning calorimetry (DSC, NETZSCH 
STA 449C, Germany) in argon atmosphere with a 
heating rate of 20 °C/min. 
2.2. Thermo-physical properties and sintering eva- 
luations 
For the assessment of thermo-physical properties, 
GYb-YSZ bulks were produced by hot pressing under 
a pressure of 20 MPa at 1 400 °C for 2 h. 8YSZ bulks 
were fabricated under the same processing condition 
for comparison.  
Thermal diffusivity was investigated by the use of 
the laser flash diffusivity technique (Netzsch LFA427, 
Germany). Disk-shaped samples (12.7 mm in diameter 
× 1 mm) were machined. Prior to thermal diffusivity 
measurements, a thin layer of carbon was coated on the 
surfaces of the disks. Specific heat measurements were 
conducted using a thermal analyzer (Netzsch STA 429, 
Germany) equipped with a specimen holder for differ-
ential scanning calorimetry. The density was measured 
according to the Archimedes principle. The thermal 
conductivity λ(T) was calculated from 
  ( ) ( ) ( )λ α ρ= pT T c T   (1) 
where ρ is the density, cp(T) the specific heat capacity, 
T the temperature, and α (T) the thermal diffusivity.  
Because the samples were not completely dense, the 
measured thermal conductivity λ was corrected for the 





λ ϕλ −   (2) 
where ϕ  is the fractional porosity. 
The thermal expansion coefficients (TECs) of the 
GYb-YSZ and 8YSZ bulk specimens were determined 
on the specimens with 25 mm in length and 4 mm in 
both width and height, using a high temperature   
dilatometer (Netzsch DIL 402E, Germany). Also,   
shrinkages of the specimens annealed at 1 300 °C were   
determined on the dilatometer to evaluate the sintering 
resistance of the materials. 
3.  Results and Discussion 
3.1.  Characteristics of GYb-YSZ powders 
XRD patterns of GYb-YSZ powders by solid state 
reaction at 1 350 °C/24 h, 1 400 °C/24 h and        
1 500 °C/24 h are presented in Fig. 1(a). As reaction 
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temperature increases, stabilizers are dissolved into 
zirconia matrix gradually. When synthesis is conducted 
at lower temperature, stabilizers cannot be dissolved in 
zirconia crystal completely, the peaks of which can be      
distinguished in Fig. 1(b). In the figure, θ is the dif-
fraction angle of XRD experiment. At 1 350 °C, Y2O3 
is dissolved, whereas Gd2O3 and Yb2O3 phases remain 
in GYb-YSZ. When temperature is up to 1 400 °C, 
Gd2O3 peaks disappear, suggesting that Gd2O3 is dis-
solved in zirconia matrix acting as a structural stabi-
lizer like Y2O3, but Yb2O3 phase is still detected. In 
addition, no m-ZrO2 diffraction profiles are found, 
which can be attributed to the solid solution of Gd2O3 
in zirconia crystal. At 1 500 °C, all the stabilizers peaks 
disappear and only c-ZrO2 peaks are detected, sug-
gesting that the solid state reaction is completed. It can 
be concluded that the three stabilizers have different 
solution capabilities in zirconia matrix. Y2O3 dissolves 
most easily in zirconia matrix among the three stabiliz-
ers. In other words, Y3+ substitutes for Zr4+ more easily 
than Gd3+ and Yb3+, and it is the most difficult for 
Yb3+ to substitute for Zr4+, which can be attributed to 
the difference in ionic radius and atomic weight. Lar-
ger ionic radius and heavier atomic weight contribute 
to the slower diffusion of the cation [21]. Cationic radii 
of Y and Gd in +3 oxidation state are approximately 
equal (≈1.61 Å), whereas Gd has nearly twice the mass 
of the Y (atomic weight of Y is 88.9; atomic weight of 
Gd is 157). In comparison, the ionic radius and atomic 
weight of Yb3+ are 1.74 Å and 173 respectively.  
 
Fig. 1  XRD patterns of GYb-YSZ and 8YSZ powders by 
solid-state reaction at various temperatures for 24 h. 
Comparing the XRD patterns of 8YSZ powders with 
GYb-YSZ powders sintered under the same condition 
(see Fig. 1(a)), clear m-ZrO2 diffraction profiles are 
detected in 8YSZ, indicating that not all the ZrO2 crys-
tal is fully stabilized. As it is difficult to distinguish 
between c and t phases due to their similarity in crystal 
structure, laser Raman spectroscopy was used to inves-
tigate the phase composition in GYb-YSZ [22]. Figure 2 
shows the Raman spectrum of the GYb-YSZ powders 
synthesized at 1 500 °C for 24 h in the Raman shift 
range of 200-800 /cm. A Raman band at 605 /cm is 
detected, which is the characteristic of c phase accord-
ing to the Raman spectrum of zirconia. Therefore, it 
can be inferred that the GYb-YSZ powders are basi-
cally composed of c phase. 
 
Fig. 2  Raman spectrum of GYb-YSZ powders synthesized 
at 1 500 °C. 
Figure 3 shows the DSC curve of the GYb-YSZ 
powders during heating from 100 °C to 1 350 °C. Nei-
ther endothermic peak nor exothermic peak is found in 
the temperature range. This indicates that no phase 
transformation of GYb-YSZ occurs between room 
temperature and 1 350 °C. The XRD patterns of GYb- 
YSZ powders after annealing for 24 h at 1 400 °C and 
1 500 °C are both shown in Fig. 4. Compared with that 
of as-fabricated GYb-YSZ powders, no evidence of 
phase transformation is found, implying good phase 
stability of GYb-YSZ material. Conversely, phase de-
composition occurs above 1 250 °C for 8YSZ, which 
hinders it from long-term working at high temperat- 
ures [2-3]. Therefore, co-doping of Gd2O3 and Yb2O3 
could  
 
Fig. 3  DSC curve of GYb-YSZ powders. 
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Fig. 4  XRD patterns of GYb-YSZ powders after annealing 
under different conditions. 
improve the phase stability of 8YSZ. 
3.2. Thermo-physical properties and sintering of 
GYb-YSZ material 
The thermal diffusivities of GYb-YSZ and 8YSZ 
bulk specimens are compared in Fig. 5. It can be seen 
that the thermal diffusivities of GYb-YSZ and 8YSZ 
both decrease with temperature rising. Dependence of 
specific heats cp of GYb-YSZ and 8YSZ on      
temperature is illustrated in Fig. 6. Specific heats of 
GYb-YSZ and 8YSZ vs temperatures are both parabo-
las, and GYb-YSZ exhibits lower specific heat than 
8YSZ. The densities and relative densities are listed in 
Table 1. 
 
Fig.5  Thermal diffusivities of GYb-YSZ and 8YSZ bulk 
specimens. 
 
Fig. 6  Specific heat capacities of GYb-YSZ and 8YSZ bulk 
specimens. 
Table 1  Densities and relative densities of GYb-YSZ and 
8YSZ bulk specimens 
Sample Density/  (g·cm−3) Relative density/ % 
8YSZ 5.77 95.3 
GYb-YSZ 5.76 93.5 
 
Thermal conductivities of porous samples were cal-
culated based on the Eq. (1) and those of dense sam-
ples were modified according to Eq. (2) and Table 1. 
Figure 7 shows changes of thermal conductivities ver-
sus temperatures for GYb-YSZ and 8YSZ bulk materi-
als. It can be seen that the thermal conductivities of 
8YSZ gradually decrease with temperature rising, 
whereas those of GYb-YSZ are almost constants from 
room temperature to 1 200 °C. The thermal conductiv-
ity of GYb-YSZ (1.18-1.25 W/(m·K)) is much lower 
than that of 8YSZ (1.57-2.08 W/(m·K)) in the meas-
ured range, and the reduction is directly attributed to 
the co-doping of Gd2O3 and Yb2O3.  
 
Fig. 7  Thermal conductivities of GYb-YSZ and 8YSZ bulk 
specimens. 
It is common knowledge that the lattice thermal 
conductivity is proportional to the phonon mean free 
path, which varies inversely with the square of the 
atomic weight difference between the solute and host 
cations [23-24]. Larger atomic weight difference between 
the solute (Gd, Yb) and host (Zr), compared with that 
between Y and Zr, contributes to lower thermal   
conductivity of GYb-YSZ. On the other hand, the sub-
stitution of Gd3+ and Yb3+ for Zr4+ causes substitu-
tional defects and extra oxygen vacancies for charge 
compensation, all of which can increase phonon scat-
tering and further reduce the thermal conductivity [25]. 
In addition, the lower thermal conductivity of 
GYb-YSZ, compared with that of 8YSZ, is also on 
account of its higher sintering resistance, which will be 
discussed later. 
The TEC is a very important property influencing 
the durability of TBC when exposed to high tempera-
ture. Thermal expansion mismatch between superalloy 
substrate and TBC results in development of residual 
stresses. The TECs of GYb-YSZ specimen increase 
linearly when heating from room temperature to      
1 200 °C, as depicted in Fig. 8. The values range from 
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9.67×10−6 /K to 13×10−6 /K, which are comparable to 
those of 8YSZ specimen.  
 
Fig. 8  Thermal expansion coefficients of GYb-YSZ and 
8YSZ bulk specimens. 
Figure 9 shows the shrinkages of GYb-YSZ and 
8YSZ sintered at 1 300 °C versus times, dl/l0 means 
shrinkage relative to original length l0. It can be seen 
that the shrinkage dates decrease gradually with sin-
tering time for 8YSZ sample, whereas those for 
GYb-YSZ sample change discontinuously with sinter-
ing time. After 10 h sintering, the shrinkage of 8YSZ 
reaches about 0.056%, while only about 0.02% for 
GYb-YSZ. The sintering curves indicate that 
GYb-YSZ exhibits better sintering resistance than 
8YSZ, which can be attributed to the following two 
reasons. On the basis of kinetic consideration, the sin-
tering process is diffusion controlled, and the shrinkage 
of GYb-YSZ therefore is lower than that of 8YSZ, due 
to the addition of larger and heavier atoms into YSZ 
(the ionic radius and atomic weight of Gd3+ are 1.61 Å 
and 157 respectively, and those of Yb3+ are 1.74 Å and 
173 respectively ). On the other hand, co-doping of 
Gd2O3 and Yb2O3 can facilitate the formation of defect 
clusters in zirconia crystal, and thus improve the mate-
rial sintering resistance [16].   
 
Fig. 9  Shrinkage versus sintering time at 1 300 °C for GYb- 
YSZ and the 8YSZ bulk specimens. 
In this study, a new attempt is made to investigate 
the role of multicomponent rare earth oxides in 8YSZ. 
Gd2O3 and Yb2O3 are selected as two additives, and 
results show that co-doping of Gd2O3 and Yb2O3 into 
8YSZ provides significant improvements on phase 
stability, thermal insulation and sintering resistance, 
and the TECs of GYb-YSZ are comparable to those of 
8YSZ. GYb-YSZ material has great potential for TBC 
applications at higher temperature in the future. 
4. Conclusions 
The influence of Gd2O3 and Yb2O3 co-doping on the 
phase stability, thermo-physical properties and sinter-
ing of 8YSZ is investigated. The conclusions can be 
drawn as follows:  
1) Stabilizers dissolve gradually in zirconia as   
reaction temperature increases. Synthesized at       
1 500 °C, GYb-YSZ consists of cubic phase and re-
mains phase stability between room temperature and  
1 350 °C. At 1 500 °C for 24 h, no phase transforma-
tion occurs. 
2) According to thermo-physical results, the thermal 
conductivities of GYb-YSZ (1.15-1.25 W/(m·K)) are 
much lower than those of 8YSZ (1.57-2.08 W/(m·K)), 
and the TECs of GYb-YSZ (9.67×10−6/K to 13×   
10−6 /K) are comparable to those of 8YSZ. After 10 h 
sintering at 1 300 °C, the shrinkage of GYb-YSZ is 
about 0.02%, much lower than that of 8YSZ (about    
0.056%). 
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